ClpB1 is a heat shock protein known to disaggregate large protein complexes. Constitutive, 16-fold ClpB1 overproduction in the cyanobacterium Synechocystis sp. strain PCC 6803 increased cell survival by 20-fold when cultures were heated quickly (1°C/s) to 50°C and delayed cell death by an average of 3 min during incubation at high temperatures (>46°C). Cooverexpression of ClpB1 and another heat shock protein, DnaK2, further increased cell survival. According to immunocytochemistry results, ClpB1 is dispersed throughout the cytoplasm but is concentrated in specific areas and is more prevalent near thylakoid membranes. However, ClpB1 overproduction does not lead to a change in the morphology, chlorophyll content, or photosystem ratio. Whereas electron microscopy demonstrated that apparent protein aggregation occurred after heat treatment in the control strain, protein aggregate size was maintained in the ClpB1 overexpresser. Constitutive ClpB1 overproduction allows an earlier response to heat shock and protects from rapid heating of cultures.
P
hotosynthetic microbes have long been used for production of carotenoids and nutraceuticals (1) , and more recently, such microbes are being modified to enable the production of ecofriendly alternatives to petroleum commodities by means of CO 2 conversion catalyzed by sunlight and photosynthesis (2) . The cyanobacterium Synechocystis sp. strain PCC 6803 (referred to here as Synechocystis) is an important photosynthetic model system for biotechnology purposes, as it has a well-established genome manipulation system and a well-studied physiology (3) (4) (5) . However, under natural conditions abiotic stress may hinder the efficiency of large-scale production.
The mechanisms that cyanobacteria use to counter abiotic stress are mostly well characterized (6) . One of the important abiotic stresses that cells may be exposed to in photobioreactor systems under natural conditions is temperature stress. Synechocystis growth typically occurs over the temperature range of 25 to 40°C with an optimum of 30°C; temperatures higher than 45°C are inhibitory to growth (7) . The production of heat shock proteins (HSPs) is one of the most ubiquitous stress-defense mechanisms (8) , mainly studied as a primary response to rapidly rising temperatures. One of the first genes to be induced after heat shock is clpB, with its gene product possibly serving a dual function (9) : disaggregation of large protein complexes (10) and aiding DnaK2 with resolubilization of damaged proteins (11) . The active form of ClpB is a hexamer that is predicted to be soluble in the cytoplasm (12) . The ClpB hexamer requires ATP for stability and functionality and is required for thermotolerance in various bacteria (13) (14) (15) . In addition, the ClpB homolog APG3 in Arabidopsis has been shown to be involved in thylakoid biogenesis (16) .
The Synechocystis genome carries two genes, slr1641 and slr0156, coding for ClpB homologs (proteins ClpB1 and ClpB2, respectively). ClpB1 is induced during heat shock (17) , while at least in Synechococcus sp. PCC 7942, ClpB2 is not induced under these conditions (10) . A deletion of ClpB1 in this strain led to an inability of cells to develop thermotolerance (13) . A Synechocystis ClpB1 deletion mutant showed no phenotype when grown at 30°C, whereas a ClpB2 deletion could not be obtained (18) .
Overexpression of clpB in Escherichia coli improves the cells' ability to survive exposure to 50°C temperatures for minutes or hours (19) . However, to prevent or decrease protein aggregation or to boost solvent tolerance, previous studies have suggested that the levels of ClpB and other chaperones, such as DnaKJ, GrpE, and GroESL, need to be in balance (20, 21) . The effects of a constitutive increase of ClpB1 in Synechocystis are not known yet. As ClpB may be involved in thylakoid biogenesis in photosynthetic systems and as we were primarily interested in boosting temperature tolerance in this study, we focused on overexpression of slr1641, the gene coding for ClpB1 in Synechocystis. In this study, we analyzed the effects of ClpB1 overproduction on temperature tolerance in Synechocystis, determined heat shock effects on protein aggregation in the cell, and monitored ClpB1 localization in the cell by electron microscopy. ClpB1 overproduction in particular was shown to increase tolerance to rapid temperature swings.
MATERIALS AND METHODS
Cyanobacterial growth conditions and construction of a clpB1 overexpression mutant. Synechocystis cells were grown at 30°C in BG-11 medium (22) in 125-ml flasks bubbled with air and illuminated at a light intensity of 45 mol photons m Ϫ2 s Ϫ1 (defined as normal growth conditions for this study). Primers for amplification of the genes are found in Table S1 in the supplemental material. For overexpression of clpB1, we constructed a pUC19 backbone vector containing slr1641 with a His tagcoding sequence at its 3= end under the control of the rbcL promoter (bases 2478137 to 2478410; all Synechocystis DNA fragment locations mentioned in this paper are numbered according to Cyanobase) and with a chloramphenicol resistance cassette from pBR325 at the 3= end of the slr1641 gene, with the T1/T2 (23) terminator located in between. The prbcL/slr1641-His/Cm r DNA fragment was inserted into a sequence corresponding to the neutral, noncoding region between slr1704 and sll1575 between bases 729806 and 729807 to direct homologous recombination. The flanking region in the plasmid consisted of the Synechocystis genome sequence between bases 729195 and 730287, a total of 1,097 bp. The vector carrying prbcL/slr1641-His/Cm r in the neutral Synechocystis genomic site was used for transformation of wild type. Transformation was performed by incubation of a Synechocystis culture with the plasmid as described previously (24) , and after integration of the plasmid into the Synechocystis genome by double-homologous recombination and segregation of the wild-type and mutant genome copies by selection with increasing chloramphenicol concentrations, the strain Slr1641ϩ was obtained. Similarly, slr0156-His, coding for ClpB2 with a His tag at its C-terminal end, was inserted into the same vector in lieu of slr1641-His to generate the Slr0156ϩ strain. To rule out an effect of the ClpB1 His tag, we alternatively inserted slr1641, without a His tag, into the overexpression vector pPSBA2KS (a pUC19 backbone with flanking regions from bases 6733 to 7227, which includes the strong psbA2 promoter; bases 8309 to 8801; and the kanamycin resistance cassette from pUC4K) (25) . The sll0170 gene, encoding DnaK2, was transformed into an overexpression vector containing the flanking regions around slr0646 (bases 2676067 to 2676566) and sll0601 (bases 2676567 to 2677047), the psbA2 promoter (bases 6666 to 7227), and the kanamycin selection marker from pUC4K.
Cell analysis. The growth rate, chlorophyll content, and intact cell absorption spectra were determined in a Shimadzu 1800 UV-visible spectrophotometer. Growth was observed over time as a change in the optical density (OD) at 730 nm (OD 730 ). Chlorophyll concentrations in cultures were measured by extracting cell pellets, obtained by centrifugation, with methanol and determining the chlorophyll concentration by monitoring the absorbance at 663 nm (26) . The absorption spectra of cultures were determined in the 400-to 750-nm range using 0.5% buttermilk as a blank to correct for scattering. Fluorescence emission spectra at 77 K in the 625-to 775-nm range were measured in a SPEX Fluorolog 2 instrument using an excitation wavelength of 435 nm and an emission monochromator slit width of 0.25 mm, which corresponds to a bandwidth of 1 nm.
Lipid analysis. The method of Folch et al. (27) was used to extract lipids from cells collected from 200-ml cultures in exponential phase (OD 730 ϭ 0.5). Extracted lipids were dried under nitrogen gas and redissolved in a volume of methanol to bring the chlorophyll a concentration in the extract to 50 M. A 5-l aliquot was injected into a Dionex Ultimate 3000 high-pressure liquid chromatography system, and separation was done using a linear gradient of increasing methanol in water (starting at 50% up to 100% methanol in 26 min and then 100% methanol for 20 min) at a flow rate of 200 l/min in a Zorbax Extend C 18 column. Both methanol and water contained 10 mM NH 4 OH. Lipid mass and identification (by comparison to lipid standards) were determined using electrospray ionization-mass spectrometry in a Bruker MicrOTOF-Q mass spectrometer in the negative ion mode with the capillary voltage set at ϩ3,900 V and the collision energy set at 10 eV. A similar analysis has been performed by Sommer et al. (28) .
RT-PCR. RNA was extracted by the TRIzol reagent (Life Technologies) and cleaned of DNA by Turbo DNA-free DNase (Life Technologies), and cDNA was synthesized by using random primers from the iScript select cDNA synthesis kit (Bio-Rad). Each of the procedures was performed according to the manufacturers' protocols. For real-time PCR (RT-PCR), iTaq SYBR green Supermix with carboxy-X-rhodamine (Bio-Rad) and the primers GCAGCGGAGTTACAGTATGGC (clpB1 fwd), TTCCACTTGCCGCTGTAAATC (clpB1 rev), AAAGCTTCCACC GTCGCTC (atpA fwd), and GGCACCTTTTTCCGTCAGG (atpA rev) were used; reactions were performed according to the manufacturer's instructions. Fluorescence was measured on an ABI Prism 7900 HT sequence detection system from Applied Biosystems, and samples were analyzed by the 2 Ϫ⌬⌬CT method. Western blotting and immunodetection. Polyclonal antibodies (rabbit) against ClpB1 were obtained from Agrisera (Sweden), and those against the His tag were from GenScript. Cell pellets from 200-ml cultures with a preharvest OD 730 of 0.4 to 0.7 were resuspended in 50 mM MES [2-(N-morpholino)ethanesulfonic acid]-NaOH (pH 6.5), 10 mM MgCl 2 , 5 mM CaCl 2 , 25% glycerol, and protease inhibitor cocktail (1 mM [each] phenylmethylsulfonyl fluoride, benzamidine, and amino caproic acid). Cells were broken by six cycles of bead beating (0.1-mm-diameter glass beads) for 30 s each with 2 min of cooling on ice between all cycles. Cell debris, glass beads, and unbroken cells were spun down, and the supernatant containing proteins was used for PAGE. Proteins were separated by 12% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Immobilon-P) overnight at 20 V and 4°C. Western blotting was performed according to Millipore's protocol of rapid immunodetection without blocking using 100 mM phosphate-buffered saline (PBS; 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.0) buffer, fat-free milk as the blocking agent, a 1:5,000 dilution of the primary antibody, and a 1:3,000 dilution of an alkaline phosphatase (AP)-conjugated secondary antibody; the immunoblot was developed using an AP substrate kit (Bio-Rad), and the intensity of the bands was determined with ImageJ software.
Electron microscopy. Chemical fixation of cells was carried out with 2% glutaraldehyde in 50 mM phosphate buffer (pH 7.2) overnight at 4°C. After a 10-to 20-volume wash with this phosphate buffer, cells were pelleted and mixed with an equal volume of 2% agarose that had been cooled to a point close to solidification. The cell/agarose pellets were washed three times for 15 min each time with 50 mM phosphate buffer (pH 7.2) and incubated in 1% OsO 4 for 2 h, washed three times for 15 min each time with this phosphate buffer, and washed three times for 15 min each time with H 2 O prior to incubation in 0.5% uranyl acetate overnight at 4°C. After dehydration in subsequent 20%, 40%, 60%, 80%, and 100% acetone steps (10 min per step), the samples were embedded in Spurr's resin in 25% increments for a minimum of 3 h per step up to 100% resin, and the samples were then polymerized at 60°C for 24 h in a conventional oven. For high-pressure freezing of samples (used for immunolocalization), 10-ml aliquots of cultures at an OD 730 of 0.5 were spun down at 2,500 rpm in a clinical centrifuge, resuspended to 1 ml, pipetted on top of BG-11 agar plates, and allowed to dry to a paste. The paste was placed between B-type planchettes, frozen in a Bal-Tec HPM 010 high-pressure freezer, and freeze-substituted in 0.05% uranyl acetate in acetone for 72 h at Ϫ80°C. After the samples were warmed to 4°C, they were embedded in LR-White resin. Samples embedded by both techniques were cut into 70-nm-thick sections using a Leica Ultracut R microtome and placed on Formvar-coated nickel slot grids (for immunolocalization) or copper mesh grids (regular electron microscopy).
Immunolabeling. Immunolabeling was carried out by incubating the nickel grids with cell sections for 1 h at 25°C in the primary antibody solution (PBS, 1% nonfat dry milk, 1:50 primary antibody dilution), washed two times for 15 min each time with PBS supplemented with 0.1% Tween 20 and once for 15 min with PBS, and incubated for 30 min at 25°C in the secondary antibody solution (PBS, 1% nonfat dry milk, 1:100 15-nm gold-conjugated goat anti-rabbit antibody dilution [MP Biomedicals]). Afterwards, the washing procedure was repeated, followed by three 10-min washes with H 2 O, and the labeled sections were poststained with 2% uranyl acetate in 50% (vol/vol) ethanol for 5 min, followed by staining for 5 min with Sato's lead citrate (29) . Grids were analyzed using a Philips CM12 transmission electron microscope with a Gatan Inc. charged-coupled device camera.
Heat shock treatments. For experiments involving a rapid temperature ramp-up, cells in exponential growth phase (50-l aliquots of cells with an OD 730 of 0.4 to 0.7) were removed from the culture, transferred to a Bio-Rad thermocycler, warmed at a controlled rate (ranging from 0.67 to 60°C/min, as indicated below) from 30°C to 50°C, and then kept at 50°C for 5 min at an illumination intensity of 40 mol photons m Ϫ2 s Ϫ1 . When applying the heat shock more slowly, the temperature of 50-l aliquots was increased linearly from 30°C to a temperature in the 46 to 52°C range in a Bio-Rad thermocycler in 15 min, and samples were taken as a function of time after reaching the final temperature. After heat treatment, aliquots were brought back to 30°C in about 20 s in the thermocycler and plated on BG-11 agar plates to determine the numbers of CFU in comparison with the numbers of CFU of control aliquots that had not been heat treated. Heat treatment of larger cultures (300 ml) that were growing exponentially (OD 730 ϭ 0.4 to 0.7) was performed in a water bath at 60°C under illumination at 40 mol photons m Ϫ2 s Ϫ1 . The temperature was monitored inside the culture and maintained by shaking every 2 min and submerging/removing the culture from the water as necessary. In the case of experiments geared toward protein analysis, the ramp-up rate from 30 to 48°C was 1.8°C/min, followed by a 10-min incubation. For experiments involving the determination of the ultrastructure of cells by electron microscopy, a 1.07°C/min ramp-up rate from 30 to 46°C was used, followed by a 1-h incubation at 46°C prior to cell preparation for electron microscopy.
Size exclusion chromatography. For protein extraction, 200 ml of culture (OD 730 ϭ 0.5) was collected by centrifugation and resuspended to 1 ml in PBS buffer supplemented with protease inhibitor cocktail. The cell suspension was cooled on ice and mixed with an equal volume of glass beads (diameter, 0.1 mm), and cells were disrupted by 6 cycles of 30 s each in a mini-bead beater (BioSpec Products, Bartlesville, OK), as described above. Cell debris, glass beads, and unbroken cells were removed by filtration through a 0.2-m-pore-size filter. Homogenate samples (0.5 ml) that had passed the 0.2-m-pore-size filter were injected into a selfpacked Sephacryl S-300 HR matrix in a Kontes column (1 mm [inner diameter] by 50 cm in length) and were eluted using PBS buffer and a HP1100 isocratic pump at a flow rate of 0.1 ml/min. Fractions (400 l) were collected and diluted to 1 ml with H 2 O, and the absorbance at 280 nm was measured spectrophotometrically in a Shimadzu 1800 UV-visible spectrophotometer.
RESULTS

Initial Slr1641؉ characterization.
Constitutive overexpression of slr1641 and increased accumulation of ClpB1 in the Slr1641ϩ strain relative to those in the wild-type control were confirmed by RT-PCR and immunodetection. Under normal growth conditions, the slr1641 transcript level was 7.1 Ϯ 0.5-fold higher and the ClpB1 protein level was ϳ16-fold higher than the levels in the wild-type control (Fig. 1A) . Interestingly, ClpB1 is detected on immunoblots as a doublet. This could be due to either detection of both ClpB1 and ClpB2 (Slr0156) by the antibody or the genuine presence of two forms of ClpB1. As indicated in Fig. S1 in the supplemental material, probing with a His tag antibody provided two bands for Slr1641ϩ and only a single band for Slr0156ϩ (the strain carrying an extra clpB2-His gene). Therefore, ClpB1 is represented by two separate bands on an immunoblot. This is most likely due to an internal translation start site in the Synechocystis slr1641 open reading frame, as reported previously for Synechococcus (9) and E. coli, where the two forms together have been shown to be most active (19) .
The Slr1641ϩ strain is essentially normal in its growth phenotype, chlorophyll a concentration per cell, fluorescence emission spectrum at 77 K (indicative of the ratio of the two photosystems), and absorbance spectrum (Fig. 1B to D) . Attempts at coisolation of ClpB1-His with other proteins, with special interest in association with the VIPP-1 protein (vesicle-inducing protein in plastids 1) (30), were unsuccessful. The distribution of chain lengths and degrees of unsaturation within the four lipid groups occurring in Synechocystis, phosphatidylglycerol (PG), sulfoquinovosyl diacylglycerol (SQDG), monogalactosyl diacylglycerol (MGDG), and digalactosyl diacylglycerol (DGDG), were similar between the wild type and the Slr1641ϩ strain (see Fig. S2 in the supplemental material), indicating that the lipid composition of the cell is not affected by constitutive overproduction of ClpB1.
Survival upon heat shock. As ClpB1 is one of the heat shock proteins that is most induced at early stages of heat shock (17) , ClpB1 overproduction may protect against rapid heat shock relative to the situation in a control that first needs to synthesize ClpB1. To test this hypothesis, the tolerance of wild-type and Slr1641ϩ cultures to heating to 50°C at different rates (ramp-up rates), followed by a 5-min 50°C incubation, was compared. At a ramp-up time of 20 s, the Slr1641ϩ strain, with a basal level of ClpB1 more than an order of magnitude higher than that of the wild type (Fig. 1) , had a Ͼ15-fold higher survival rate ( Fig. 2A) . At a ramp-up rate of 1.3°C/min (a 15-min linear ramp-up), the survival rate of the Slr1641ϩ cells was still about 5-fold higher than that of the control (Fig. 2A) . However, this difference in survival disappeared upon slower heating at a ramp-up rate of 0.63°C/min (a 30-min ramp-up time) (Fig. 2A) , as the wild-type control was able to survive better upon slower ramp-up, possibly because of induction of heat shock proteins during the heating process.
To compare survival upon exposure to nonpermissive temperatures, cells were heated linearly to 50°C over 15 min and were incubated at this temperature; again, Slr1641ϩ showed increased survival upon exposure to 50°C for several minutes (Fig. 2B) . However, exposure to 50°C for more than 10 min led to few survivors, even in the Slr1641ϩ culture. Similar results indicating that Slr1641 overproduction led to only limited thermotolerance (used here as the ability to survive at high temperatures for long periods of time) were obtained when cells were incubated at other temperatures in the 48 to 52°C range: the time of incubation at high temperature allowing survival of 50% of the cells is plotted in Fig. 2C and indicates that Slr1641ϩ cells are able to tolerate nonpermissive temperatures for periods of time somewhat longer than the control. Both strains could tolerate 46°C for at least 30 min after being brought to this temperature from 30°C in 15 min. When Slr1641ϩ cells were modified further to introduce constitutive overexpression of DnaK2 (the Slr1641ϩ/Sll0170ϩ strain), the time that cells could tolerate exposure to 48°C was further increased (Fig. 2D) , indicating that introduction of multiple heat shock proteins has cumulative effects.
Ultrastructure and ClpB1 localization in Synechocystis cells. In order to determine whether ClpB1 overproduction led to ultrastructural differences, transmission electron microscopy images of wild-type and Slr1641ϩ cells that had been growing exponentially under control conditions were compared (Fig. 3A and B) . The cells of the two strains were virtually indistinguishable. However, after cells were heat shocked for 1 h at 46°C in a water bath, large differences in cytoplasmic homogeneity were found: in wild type, the ultrastructural changes in most cells were suggestive of protein aggregation, while the Slr1641ϩ cells did not change their appearance as much (Fig. 3C and D) . After this treatment and after a return to permissive temperature conditions (30°C), growth of the wild type did not resume, whereas the Slr1641ϩ strain had an ϳ20-h lag and then resumed some slow growth. The putative protein aggregation seen in Fig. 3 was seen in 84% of the heat-shocked wild-type cells examined, whereas in 39% of the similarly treated Slr1641ϩ cells, some degree of aggregation was observed and the remaining cells looked normal. These observations suggest that overproduction of ClpB1 enables the cells to maintain a reasonably normal ultrastructure after heat shock.
In order to determine whether the ultrastructural changes upon heating that were much more pronounced in the wild type than in the Slr1641ϩ strain (Fig. 3) are indeed likely to be due to protein aggregation, we applied size exclusion chromatography to total extracts from Synechocystis wild type and the Slr1641ϩ strain before and after a nonlethal heat shock (a 10-min ramp-up from 30 to 48°C and a 10-min incubation at this temperature) and monitored elution of proteins by detection of the absorbance at 280 nm (Fig. 4) . Proteins eluted in four groups, labeled I through IV. Upon heat shock, the wild-type strain showed a loss in protein aggregates in group I and a corresponding increase in aggregates in group III (Fig. 4A) . However, Slr1641ϩ did not change its protein aggregate profile (Fig. 4B) .
In order to determine the location of ClpB1 in wild-type and Slr1641ϩ cells, cell sections prepared for electron microscopy were immunolabeled with anti-ClpB1 antibodies, followed by immunogold labeling. Under control conditions without heat shock, ClpB1 was found throughout the cell but was preferentially located near the thylakoid and cytoplasmic membranes in both wild type and Slr1641ϩ (Fig. 5A and C) . Gold particle counts (3,100 total counts over 14 samples) showed that 55% Ϯ 12% of the particles were in the direct vicinity (ϳϽ50 nm) of thylakoids and were often between membranes. ClpB1-rich regions were observed near thylakoids in unstressed Slr1641ϩ cells; after heat shock, ClpB1 levels went up, particularly in the wild type. There were no striking rearrangements of ClpB1 after heat shock. ClpB1-rich regions were found throughout the cytoplasm after heat shock ( Fig. 5 ; see Fig. S3 in the supplemental material), but a large part of ClpB1 was still located near thylakoids ( Fig. 5B and D) .
In order to determine the location of ClpB2 in relationship to ClpB1, we performed immunolocalization of the His tag of these proteins in the ClpB2-His and ClpB1-His strains, respectively. As expected, the degree of labeling for His-tag antibodies was less than that for ClpB1 antibodies, as just the His epitope was recognized. However, colloidal gold particles were observed, and ClpB2 appeared to be less frequently thylakoid associated than ClpB1 (see Fig. S4A and B in the supplemental material).
DISCUSSION
The ClpB protein is known to participate in the heat shock response and adaptation to high temperatures, with a conserved role throughout phyla of breaking down large protein aggregates (31) . Furthermore, a role in thylakoid membrane formation has been reported (16) . Here we show the effects of the continuous overexpression of ClpB1 in Synechocystis, toward the goal of increasing tolerance to high temperatures.
Upon heat shock, the levels of the slr1641 transcript have been found to spike but are rapidly degraded (17) . However, in the Slr1641ϩ strain, expression of the additional copy of slr1641 is under a strong and rather constitutive promoter (the psbA2 pro- moter), allowing maintenance of 16-fold higher levels of ClpB1 in the cell than in wild type in the absence of heat stress. Therefore, ClpB1 is present at high levels in the Slr1641ϩ strain even in the absence of heat stress. ClpB1 overproduction did not induce phenotypic changes in the cell under non-heat stress conditions, suggesting that cells can successfully regulate their disaggregase activity, for example, through competition with other proteins (32) and storage as an inactive oligomer (11) .
The main ultrastructural difference between the Slr1641ϩ strain and wild type was observed upon exposure of cells to nonlethal heat stress. Electron micrographs of heat-shocked cells showed more electron-dense regions, which most likely are protein aggregates, in wild type than in the Slr1641ϩ strain ( Fig. 3B  and D) . A similar effect of heat shock on the appearance of the cytoplasm has been observed in E. coli cells (33) , where the presence of an aggregate fraction after heat shock in ultracentrifuged samples correlated with the development of inclusions visualized by electron microscopy.
In our case, the protein aggregate size profile of Slr1641ϩ was unchanged under nonstressed versus stressed conditions, suggesting a protective function of ClpB1 or a preprocessing of heatsusceptible protein complexes. However, the wild-type pattern changed (Fig. 4) , in line with the electron microscopic evidence that protein aggregates are formed. We explain the decrease in the rapidly eluting wild-type proteins (group I) upon heat shock to be due to a loss of large, functional complexes by heat or by enzyme activity and the increase in group III proteins (Fig. 4) to be due to protein aggregation provoked by heat shock. Changes in the protein size (protein aggregation) profile due to heat shock have previously been observed in E. coli (33) .
ClpB1 immunolocalization showed that the protein was present throughout the cell but was concentrated in certain areas of the cytoplasm and around thylakoid membranes. The concentration of ClpB1 in specific cytoplasmic areas may suggest that there are areas where protein aggregates accumulate, as reported for E. coli (34) . In addition, Clp proteases have been found to be compartmentalized in some bacteria (35, 36) . It is unlikely that Synechocystis ClpB1 has a protease activity (37) , but as ClpB1 as well as the ClpB1-rich clusters are often close to thylakoids (Fig. 5) , ClpB1 may be stored to enable rapid mobilization upon heat shock. Moreover, the protein may be involved in, for example, protein assembly of thylakoid-related proteins, as appears to be the case for Arabidopsis (16) . However, no change in thylakoid structure or abundance or in lipid composition was observed upon ClpB1 overexpression.
In support of a possible role of ClpB1 in thylakoid membrane biogenesis, ClpB1 has been reported to coisolate with His-tagged VIPP1 (30) . However, we were unsuccessful in detecting VIPP1 associated with His-tagged ClpB1. On the basis of the large amount of ClpB1 that appears to be present in the cell (Fig. 5) , it is possible that the fraction of ClpB1 that interacts with any specific protein is insufficient for reliable detection.
As expected, the main difference in phenotype observed between the Slr1641ϩ strain and the wild type was related to heat stress. However, the ϳ20-fold increase in the percentage of surviving Slr1641ϩ cells (relative to the wild-type control) upon rapid (1°C/s) heating of cells to 50°C was larger than we had expected. It is likely that this effect is due to the ClpB1 protein being present at high levels in the Slr1641ϩ strain rather than being required to be synthesized during heat shock. Lower rates of heating would allow wild type to respond with the native clpB1 expression pattern, and therefore, at increasingly slow heating rates, the survival percentages of wild type and Slr1641ϩ eventually become equivalent. These observations serve as a reminder that temperature ramp-up rates are relevant and must be considered when testing for heat tolerance of engineered strains.
Previous research has shown increased high-temperature tolerance due to increased levels of a group of HSPs controlled by Hik34 (38) . Here we show that overproduction of ClpB1 also conferred a modest increase in the length of time that cells could be exposed to nonpermissive temperatures (48 to 52°C) (Fig. 2) . The relatively small effect affirms that other heat shock proteins are also required to overcome the heat stress (39) . Indeed, upon dnaK2 overexpression in the Slr1641ϩ strain, increased survival upon incubation of cells at 48°C was observed (Fig. 2D) .
Overall, ClpB1 overproduction confers improved heat tolerance because cells carry a component of the stress response machinery that is now constitutive. ClpB1 overexpression thereby aids in cell survival when cells are heated quickly and delays cell death when cells are incubated at high temperatures. ClpB1 serves an early-response role in the cell, and constitutive expression aids with amelioration of the effects of sudden heating. This ClpB1 overproduction may be combined with overexpression of genes for other heat shock proteins to lead to even more robust cyanobacterial strains.
